We show that the same route that leads to Maxwell's electrodynamics leads also to Podolsky's electrodynamics, provided we start from Podolsky's electrostatic force law instead of the usual Coulomb's law.
I. Introduction
On the second edition of Jackson's seminal book on classical electrodynamics 1 , there is a section named On the Question of Obtaining the Magnetic Field, Magnetic Force, and the Maxwell Equations from Coulomb's Law and Special Relativity", where it is shown in detail that any attempt to derive Maxwell equations from Coulomb's law of electrostatics and the laws of special relativity ends in failure unless one makes use of additional assumptions. What hypotheses are these? In an ingenious paper, Kobe 2 gave the answer: all one needs to arrive at Maxwell equations is i Coulomb's law; ii the principle of superposition; iii the assumption that electric charge is a conserved scalar which amounts to assuming the independence of the observed charge of a particle on its speed 3 ; iv the requirement of form invariance of the electrostatic eld equations under Lorentz transformations, i.e. the electrostatic eld equations are thought a s c o variant space-space components of covariant eld equations.
Soon after Kobe's paper, Neuenschwander and Turner 4 obtained Maxwell equations by generalizing the laws of magnetostatics, which follow from the BiotSavart law and magnetostatics, to be consistent with special relativity.
The preceding considerations leads us to the interesting question: what would happen if we followed the same route as Kobe did, using an electrostatic force law other than the usual Coulomb's one? We shall show that if we start from the force law proposed by Podolsky 5 , i.e., where a is a positive parameter with dimension of length, Q and Q 0 are the charges at r and r = 0, respectively, and Fr is the force on the particle with charge Q due to the particle with charge Q 0 -and if we follow the steps previously outlined, we arrive at the outstanding electrodynamics derived by P odolsky 5 in the early 40s. In other words, we shall show that the same route that leads to Maxwell equations leads also to Podolsky equations. A notable feature of Podolsky's e-mail: accioly@axp.ift.unesp.br generalized electrodynamics is that it is free of those innities which are usually associated with a point source. For instance, 1 approaches a nite value QQ 0 8a 2 as r approaches zero. Thus, unlike Coulomb's law, Podolsky's electrostatic force law is nite in the whole space.
In Sec. II we obtain the equations that make u p Podolsky's electrostatics. In Sec. III we arrive a t Podolsky's eld equations by generalizing the equations of Sec. II, so that they are form invariant under Lorentz transformations. For consistency, w e show in Sec. IV that 1 is indeed the electrostatic force law related to Podolsky's theory. The conclusions are presented in Sec. V.
Natural units ~= c = 1 are used throughout. As far as the electromagnetic theories are concerned, we will use the Heaviside-Lorentz units with c = 1 .
II. Podolsky's electrostatics
As is well-known, the force on a text charge is proportional to its charge, all other properties of the force being assigned to the electric eld Er, which is de ned by F = QEr ; where F is force on the charge Q situated at r and Er is the electric eld at the position of this charge due to all other charges. The source charge's coordinates will be distinguished from those of the eld point, by a prime. Accordingly, the electric eld due to a point charge Q 0 situated at r 0 is given by Therefore, a sphere of radius R a, unlike what happens in Maxwell's theory, shields its exterior from the eld due to a charge placed at its center. We remark that in Maxwell's electrostatics a closed hollow conductor shields its interior from elds due to charges outside, but does not shield its interior from the eld due to charges placed inside it 6 . Note, however, that in order not to con ict with well established results of quantum electrodynamics, the parameter a must be small. Incidentally, i t w as shown recently that this parameter is of the order of magnitude of the Compton wavelength of the neutral vector boson z, z 2:16 10 ,16 cm, which mediates the uni ed and electromagnetic interactions 7 . After this parenthesis, let us return to our main subject. Equations 6 and 8 are now ready to be generalized using special relativity and the hypotheses that electric charge is a conserved scalar. We shall do that in the next section.
III. Podolsky's eld equations
To begin with let us establish some conventions and notations to be used from now on. We use the metric tensor Let us then generalize 6 so that it satis es the requirement of form invariance under Lorentz transformations. To do that, we write the mentioned equation in terms of the Levi-Civita density " nml , which equals +1,1 if n; m; l is an evenodd permutation of 1; 2; 3, and vanishes if two indices are equal. The curl equation becomes " jkl @ k E l = 0: 10
It we de ne the quantities F 0i = ,F 0i = E i = ,E i ; 11 10 can be rewritten as " jkl @ k F 0l = 0:
We imagine now the curl law to be the space-space components of a manifestly covariant eld equation invariance under Lorentz transformations. As a result, we get " @ F = 0; 12 where " is a completely antisymmetric tensor of rank four with " 0123 = +1.
Of course, this generalization introduces the components F 00 ; F l0 , and F lk , for which at this point w e lack a p h ysical interpretation. Note that the F 0i are not necessarily static anymore.
On the other hand, as is well-known, the charge density is de ned as the charge per unit of volume, which has as a consequence that the charge dq in an element o f The requirement of form invariance of this equation under Lorentz transformations leads then to the following result 1 + a 2 2 @ F = j : 14
Imagine now a particle of mass m and charge Q at rest in a lab frame where there is an electrostatic eld E.
Newton's second law allows us to write dp dt = QE : 15
In terms of the proper time this becomes dp d = Q E = Qu 0 E ; where u 0 is the time part of the velocity four-vector u . For the component along de x i direction, we h a ve dp i d = Qu 0 F 0i : In order that the right-hand side of this equation transforms like a space-component of a four-vector, it must be rewritten as dp i d = Qu F i ; whose covariant generalization is dp d = Qu Therefore, we come to the conclusion that u u F = 0:
Using this result Kobe 2 and Neuenschwander and Turner 3 showed that F is an antisymmetric tensor F = ,F . Since F is an antisymmetric tensor of second rank, it has only six independent components, three of which h a ve already been speci ed. We name therefore the remaining components where U = p 0 is the particle's energy. Accordingly, our smart physicist, who was able to predict the B eld only from its knowledge of electrostatics and special relativity, can now-by making judicious use of 22 and 23 -observe, measure and distinguish the B eld from the E eld of 15. The new eld couples to moving electric charge, does not act on a static charged particle, and, unlike the electrostatic eld, is capable only of changing the particle's momentum direction. Equations 18-21 make u p P odolsky's higher-order eld equations. Of course, in the limit a = 0, all the preceding arguments apply equally well to Maxwell's theory. Two comments t in here:
1 equation 14 is consistent with the continuity equation 13 . In fact, if the divergence of 14 is taken, we obtain 1 + a 2 2 @ @ F = @ j :
Since F is an antisymmetric tensor @ @ F is identically zero. On the other hand, according to 14, @ j = 0 . T h us, the equation in hand is identically zero; 2 as was recently shown 8 , it is not necessary to introduce a formula for the force density f representing the action of the eld on a text particle. We h a ve only to assume that ,f is the simplest contravariant v ector constructed with the current j and a suitable derivative of the eld F . Applying this simplicity criterion to Podolsky's electrodynamics, we promptly obtain f = ,F j ;
where, as we h a ve already mentioned, j = ; j. Thus, the force density for Podolsky's electrodynamics is the same as that for Maxwell's electrodynamics, namely, the well-known Lorentz force density.
IV. Finding the force law for Podolsky's electrostatics
We show n o w that 1 is indeed the force law for Podolsky's electrostatics. we promptly obtaiñ
where M 2 1=a 2 . So,
Since the orientation of our coordinate system is arbi- which is nothing but the force law for which w e w ere looking see Eq. 1.
Recently an algorithm was devised which allows one to obtain the energy and momentum related to a given eld in a simple way 8 . Using this prescription we can show that in the framework of Podolsky's electrostatics the energy is given by
Making use of the expression for the electrostatic eld we h a ve just found, we promptly obtain " eld = Q 2 =2a ; which tells us that the energy for the eld of a point charge has a nite value in the whole space. This is indeed a nice feature of Podolsky's generalized electrodynamics.
V. Final remarks
Despite the simplicity of its fundamental assumptions, Podolsky's model has been little noticed. Currently some of its aspects have been further studied in the literature 7;8;12;13 . In particular, the classical self-force acting on a point c harge in Podolsky's model was evaluated and it was shown that in this model, unlike what happens in Maxwell's electrodynamics, the electromagnetic mass is nite and enters the particle's equation of motion in a form consistent with special relativity. To conclude we call attention to the fact the same assumptions that lead to Maxwell's equations lead also to Podolsky's equations, provided we start from a generalization of the Coulomb's law instead of the usual Coulomb's law. Yet, in spite of the great similarity b etween the two theories, Podolsky's generalized electrodynamics leads to results that are free of those in nities which are usually associated with a point source.
Appendix: An important identity i n volving functions If r is not in the region V over which w e are integrating, it never coincides with r 0 , and it is easily veri ed by direct di erentiation that r 2 e ,R=a R = e ,R=a a 2 R . A n y region V that contains r 0 may be subdivided into a small sphere of radius centered on r surrounded by surface S and the remaining volume where r 2 
